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Abstract        
 
The effect of a high current density on the measured admittance of ultrathin Metal – Insulator – 
Semiconductor (MIS) tunnel junctions is investigated to obtain a reliable energy distribution of 
the density, , of defects localized at the semiconductor interface. The behavior of 
admittance Y(V, T, ω) and current density J(V, T) characteristics is illustrated by rectifying Hg // 
C12H25 – Si junctions incorporating n-alkyl molecular layers (1.45 nm thick) covalently bonded to 
n-type Si(111). Modeling the forward bias admittance of a non equilibrium tunnel junction 
reveals several regimes which can be observed either in C(ω ≈ 0) vs (J) plots of the low 
frequency capacitance over six decades in current or in  plots of the electrical modulus 
over eight decades in frequency. At low current density, the response of interface states above 
mid-gap is unaffected and a good agreement is found between the interface states densities 
derived from the modeling of device response time )(R Vτ  and from the low–high frequency 
capacitance method valid for thick MIS devices; the low defect density near mid-gap (  < 1011 
eV-1.cm-2) results from a good passivation of dangling bonds at the C12H25 – n Si interface. In the 
high current density regime (  > 1 mA.cm-2), the admittance depends strongly on both the density 
of localized states and the dc current density, so that the excess capacitance method overestimates 
. For very high current densities (J > 10 mA.cm-2), the observation of a linear C(ω ≈ 0) vs (J) 
dependence could indicate some Fermi level pinning in a high interface density of states located 
near the Si conduction band. The temperature-independent excess capacitance C(ω ≈ 0) - C(1 
MHz) observed at very small J, not predicted by the admittance model, is attributed to some 
dipolar relaxation in the molecular junction. 
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1. Introduction   
      The development of Metal-Insulator-Semiconductor (MIS) junctions with ultra-thin insulator 
( Td  < 3 nm) has stimulated the study of new insulating materials, such as saturated organic 
chains with a wide electronic band gap (≈  7 eV).1 In the field of hybrid molecular-silicon 
junctions, alkyl-based devices have been investigated for fundamental studies of transport 
mechanisms (thermionic emission, tunnelling, recombination) while applications are foreseen in 
the fields of solar cells and gate insulators.2,3 Alkyl monolayers may form a well controlled 
interlayer for further assembly of nanoscale objects (molecules, nanoparticles, nanotubes) 
providing new functionalities to form original devices and circuit architectures.4-8  
      Covalent binding of linear saturated (n-alkyl) chains to hydrogenated Si(111):H surfaces9 
forms robust molecular layers with a high coverage which play the role of a nanometer-thick 
tunnel barrier. Due to sterical constraints, the density of surface Si-H sites which are not grafted 
with alkyl molecules is larger than 4×1014 cm-2 (≈60% of surface Si atom density); however, the 
density of electrically active defects, SD , remains relatively small, at least immediately after 
grafting, in the 1×1010 - 3×10
11 eV-1.cm-2 range.10-15 However, besides the problem of engineering 
a homogeneous and reliable top electrode in contact with a nanometer-thick molecular 
monolayer, a major issue in hybrid molecular-silicon junctions is the structural disorder which 
results from the irreversible grafting mechanism related to the strong covalent bonding ; hence 
structural disorder probably induces some distribution of barrier heights for electrical transport 
and may explain the wide range of conductance values observed experimentally.16,17   
      In metal / semiconductor (SC) junctions, the presence of interface states and of a thin 
insulating layer have been recognized as non idealizing factors in the current-voltage (I-V) 
characteristics.18-21 A number of methods based on non-stationary measurements have been 
developed for interface defect characterization in thick MIS diodes22,23 and tentatively extended 
to MIS junctions with interfacial layers,24,25 ultrathin SiO2,19,26-29 and molecular insulator.3,14,15,30 
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In the latter devices, frequency and temperature dependence of molecular MIS admittance brings 
valuable information to discriminate interface states response and dipolar relaxation effects.14,31-33  
      MIS tunnel diodes are non equilibrium devices due to the large current density flowing 
through the thin insulating layer (Figure 1). It has been shown that, between 1 and 2 nm thick 
SiO2, the quasistatic hypothesis progressively fails and a kinetic approach should be developed;34 
this effect is expected to occur at larger thickness values for an insulator with a lower tunnel 
barrier height. We must then calculate the position of the quasi-Fermi level at the interface, its 
value depending on the applied voltage, on the transmission coefficient of the barrier (i.e. 
essentially on the insulator thickness) and on the interface defects. The non-stationary transport 
properties (capacitance and conductance) of ultrathin MIS tunnel junctions and non-abrupt MS 
junctions under modulated bias, , have been derived by Gomila35,36 using 
coupled kinetic equations which define the occupancy of interface states as a function of applied 
dc bias, V , bias modulation frequency, ω , and temperature, T . In contrast with previous models, 
exchange of carriers between interface states and either the metal or the semiconductor has been 
considered. However, to our best knowledge, no systematic validation of Gomila’s model has 
been performed with experimental data for tunnel MIS diodes.   
      In this work, the behavior of admittance Y(V, T, ω) and dc current density J(V, T) 
characteristics in ultrathin MIS tunnel junctions is illustrated by Hg // C12H25 – n Si junctions 
incorporating n-alkyl molecular layers ( = 1.45 nm) covalently bonded to n-type Si(111). In 
order to obtain a reliable density of states distribution from admittance measurements in non 
equilibrium MIS devices, this work emphasizes the combined role of dc current density and 
interface states density, as predicted by the tunnel barrier model. The strong rectification in J(V, 
T) due to the n-type doping provides a very large range of dc current which is helpful to identify 
several transport regimes. 
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      The organization of the manuscript is as follows. Section 2 recalls the physics of the tunnel 
barrier model leading to the admittance Y(V, T, ω) of ultrathin MIS tunnel junctions. The 
combined role of dc current density J(V, T) and interface states density distribution in the 
measured admittance characteristics, in particular the low frequency capacitance and high 
frequency conductance, is emphasized and the device response time is introduced. Section 3 
describes the experimental methods, including photochemical grafting of alkene molecules on 
Si(111), X-ray photoelectron spectroscopy (XPS) characterization of molecular coverage, 
spectroscopic ellipsometry (SE), dc and ac electrical transport at variable T. Besides J(V, T) 
measurements in the T range 243-293 K, the admittance Y(V, T, ω) is characterized in a wide 
frequency range (10-2 to 107 Hz) in order to investigate the dynamic characteristics of the tunnel 
barrier, the space charge region and the interface trap distribution. Section 4 is devoted to the 
admittance spectroscopy characteristics, used to obtain the flat band voltage, FBV , the device 
response time, Rτ , and the density of interface electronic states, . The comparison of the 
density of states distributions derived from the device response time and from the classical low – 
high frequency capacitance method (valid for thick MIS devices), respectively, allows to define a 
"low current density regime" and a "high current density regime". The potential influence of high 
local current density, e.g. due to some lateral inhomogeneity of the barrier height, on the 
measured admittance Y(V, T, ω) is also discussed. 
      Our experimental results are compared with some predictions of admittance modeling for 
ultrathin MIS tunnel junctions, in particular the dependence of the low frequency capacitance 
C(ω ≈ 0) on J(V, T) and the frequency dependence of the electrical modulus. Some model 
parameters such as the microscopic response time of interface defects and their distribution in 
energy, , are derived from experimental data. While all of the experimental results 
presented in this work were obtained using Hg // C12H25 – n Si (111) molecular junctions, the 
method is more general and could be applied to any tunnel MIS device.  
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2.  Non stationary transport model 
      The non-stationary transport properties (capacitance and conductance) of non intimate 
Schottky contacts and MIS tunnel diodes have been derived using coupled kinetic equations 
which define the occupancy of interface states as a function of applied dc bias, bias modulation 
frequency and temperature.35,36 We briefly recall the main hypothesis and the device admittance 
expression to emphasize the combined role of dc current density J(V, T) and interface states 
density distribution )( TCS EED −  in the low frequency capacitance and high frequency 
conductance and to introduce the device response time directly evidenced in  plots of the 
electrical modulus. 
2.1  Kinetic mechanisms 
      In the energy band diagram of the MIS tunnel diode with insulator thickness  (noted as  in 
Figure 1), the barrier height, , is defined by the metal work function, and the SC 
electron affinity, . The dc thermionic emission current across the interface is governed by this 
barrier height and by an attenuation factor exp(- due to the tunnel barrier transparency; the 
parameter 0β  can be derived from the temperature dependence of the apparent barrier height in 
the thermionic emission regime.15    
      Figure 1 shows that three elementary kinetic processes can be identified: 
qn  ↔  qm ;     qs  ↔  qm ;  qs  ↔  qn         (1) 
in which qn, qm, qs stand respectively for the electrons in the semiconductor, in the metal and at 
the interface states. If the series resistance ( ) can be neglected (not true at high ), the applied 
bias  is the difference  between the metal Fermi level, , and the semiconductor Fermi 
level, .   
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      In contrast with Gomila’s approach, where no restriction on the carrier exchange between 
interface states and either the metal or the semiconductor has been assumed, previous models of 
thin MIS junctions restricted the exchange of electrical carriers of interface traps to the SC 
conduction band.25,29,37,38 Although resulting expressions of the admittance are quite similar to 
Equation 12, the microscopic response times of localized interface states are quite different: a 
capture-emission time constant is derived from Shockley-Read-Hall parameters22 in the former 
models,37-40 in contrast with the tunnel response time (Eqn 7) in Gomila’s model.36     
2.2  Device admittance 
      The influence of the dc current density on the device admittance is qualitatively described by 
the "trap transistor model": the out-of-phase modulation of interface charge ( ) is responsible 
for an out-of-phase modulation of the electric field in the insulator and of the SC band bending 
δΨS , which in turn produces an ac-current  and results in a large capacitance 
at low frequency C(ω ≈ 0).25  
      The voltage drop ∆ on the insulator (Figure 1) is related to the accumulated charge per unit 
area at the SC surface and in the space-charge layer (Gauss’s law):  
 
where the number  of occupied interface states per unit area is a function of the 
surface Fermi level position with respect to the valence band energy ,  is the density 
of donor states at the interface. The charge in the semiconductor, , is given 
by the permittivity  the dopant density and the band bending .  = /  and  are 
respectively the SC and the insulator capacitance values per unit area.  
      All relevant transport parameters can be determined from the position of the surface Fermi 
level, , and the transition coefficients ( ) corresponding to the elementary 
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processes represented in Equation 1. Note that coefficients  (cm-2 s-1) both 
incorporate a tunnel barrier attenuation coefficient, exp(- . The total current density  
flowing through the system is given by , where  and  is the 
sum of thermionic emission and interface states current densities:  
 
 
  and                (5)                                                     
Here  and VC is a critical bias (assumed to be a constant) which characterizes the 
interface states occupation under non equilibrium.35 Using the ac expression of the charge 
conservation equation at the interface states, one obtains the out-of-phase 
modulation of the surface Fermi level position 
 
 where  
 
is the microscopic tunnel response time and  
 
are the fractions of the total density of states in equilibrium with the metal or the SC, 
respectively. In ac mode, a small-signal analysis provides the total ac current   
 
9 
 
The expressions of the ac current and admittance simplify for forward bias values, , where 
the fraction of interface states in equilibrium with the metal can be neglected ( ) hence 
, the density of states in equilibrium with the semiconductor.36 The junction 
admittance, is given by: 
 
 
In Eqn. 10, the square bracket is , the last fraction is  and the interface states 
capacitance and conductance per unit area, defined by the relation , have 
been introduced: 
 
Using , the MIS conductance and capacitance per unit area are: 
 
 
We further derive approximations of the low frequency capacitance C(0) and high frequency 
conductance G(∞)   
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which are particularly interesting to assess the role of the current density through the tunnel MIS 
diode in the measured admittance. Considering the role of  and in admittance 
spectroscopy data, the  product and are strongly coupled in the excess capacitance 
     
while only appears in the excess conductance due to interface states (for ) 
      
In principle, the magnitude of  and  values can be derived from C(0) vs plots in some 
particular conditions, since Eqn 15 predicts an inflexion point at , whereas a linear 
regime is expected at very high current densities, if  is a constant, with a slope     
   Simulations of the admittance (Fig. 2-3) were performed using experimental current density 
J(V) data (Figure 4), device area S = 5×10-3 cm2 and variable  values in the range 108 - 1013 
eV-1.cm-2. The respective effects of the current density (forward bias) and defect density on the 
conductance, capacitance and electrical modulus are shown in Figure 2.  
      For comparison with experimental results (Fig. 5-8), we have chosen to include in the model 
the effect of a series resistance (  = 100 Ω) on the admittance.38 Note that high values of the 
series resistance  limit the frequency range where interesting physical mechanisms can be 
observed, typically below 1 MHz in this study. Complementary experiments have shown that the 
 value can be decreased by using a higher Si doping level. As discussed in Section 4.2,  can 
be obtained experimentally in the high frequency regime where G(ω) is proportional to ω 2.  
2.3  Device response time 
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      For a parallel R-C circuit, the calculated device response time, , is a 
physical quantity which can be readily compared with experimental values of the inverse angular 
frequency, 1−= MAXR ωτ , at the maximum of the imaginary part of either the impedance  or 
electrical modulus  plots. The effects of a high current density can be qualitatively derived 
for a junction with a low defect density (  << ); in the low frequency limit (  the 
tunnel barrier model (Eqn 12) gives a junction response time ),(R TVτ  which depends on the 
density of localized states and on the dc current density  through the junction:  
 
where  is defined by Eqn 7. Hence, the response time is larger than in the ideal case ( ) 
obtained with no defects (  = 0). 
      In this Section, we focus on the behavior of 
, where we have included the effect of a 
series resistance ( ) on the measured admittance and  is an arbitrary normalization factor (100 
pF). Using the same parameters as in Figure 2c and a current density  1×10-7 A.cm-2 
(corresponding to + 0.1 V bias and 293 K), Figure 3a shows that  plots present two 
maxima corresponding respectively to the semiconductor (LF) and to the tunnel barrier (HF). For 
very low  values, the low frequency response occurs at while the high 
frequency response at  is related to the microscopic tunnel response time.   
      The electrical modulus  has been simulated over a wide range of  values (108 - 1013 
eV-1.cm-2). Figure 3b shows that the two peaks shift in opposite directions with increasing 
density of localized states, namely  decreases because increases while  increases 
because increases. We have also reported the peak intensities which also change in 
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opposite directions; basically, with increasing ,  decreases because increases while 
 increases because increases. Figure 3b corresponds to a low current density (1×10-7 
A.cm-2); however, with increasing forward bias, will increase exponentially and may 
eventually approach , as illustrated by experimental data in Figure 8a.  
      Since the low frequency response dominates  plots in device-quality MIS tunnel 
junctions (typically  < 1×1011 eV-1.cm-2), the experimental evolution of both  and  
values may give valuable information on the distribution . These methods are essentially 
sensitive in the range 2×109 - 2×1011 eV-1.cm-2 where  decreases over one decade (Fig. 3b). 
In a previous report,15 the response time  of the tunnel MIS device has been used to 
derive . In this work, a more complete analysis is proposed to check the consistency 
of both methods.   
2.4  Barrier height distribution 
      An important assumption of the model is that the density of interface states and the current 
density through the device are laterally homogeneous. In the case of inhomogeneous interface 
potential providing low barrier height patches, it has been shown that a small fraction of the 
device area may be responsible for a significant fraction of the dc current through Schottky 
barrier devices, in particular at low bias and low temperature.39-41 A similar effect has been 
observed in molecular tunnel junctions, after ageing at the ambient.42    
      In this case, for a given applied bias value, low barrier height patches with a high local dc 
current density may result in a distribution of  values (tailing towards shorter times, Eqn 7). As 
a consequence, the interface states conductance is a sum (weighted by the effective patch 
area ) of local conductance values defined by their characteristic angular frequency  
and high frequency plateau  value (Eqn 16). A tailing of the  distribution (i.e. 
Gaussian or exponential) towards higher frequencies is expected to produce a sub-linear 
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dependence of the integrated vs , rather than a plateau. However, since the band bending 
is different from patch to patch, a patch-dependent (determined by the position of the Fermi 
level at the interface) may also influence the shape of .  
 
3. Experimental 
      Experimental methods including photochemical grafting, X-ray photoelectron spectroscopy 
(XPS), spectroscopic ellipsometry (SE), dc and ac electrical transport, were described in detail 
previously.15 Covalent grafting of 1-dodecene (C11H22=CH2) molecules (puriss, > 99%, Fluka) 
was performed on fully hydrogenated Si(111):H surfaces using a UV-assisted (λ = 300 nm) 
liquid phase process. In this study, no SiO2 component could be observed near 103 eV on Si2p 
photoelectron spectra taken at α = 45° immediately after grafting of the dodecyl molecular layer. 
The optical thickness SEd = 1.45 nm and the molecular coverage MLΣ = 2.3×10
14 cm-2 both 
indicate grafting of a rather dense C12 monolayer.  
      A low-doped n-type Si (1-10 Ω.cm, Siltronix) has been chosen to obtain rectifying 
junctions.1,3,43-45 The doping density ( DN = 1.5×10
14 cm-3, as deduced from a Mott-Schottky plot 
of the high frequency capacitance, Fig. 6b) provides the position of the bulk Fermi level, 
)/(  ) - ( DCNFBC NNLnkTqVEE == = 0.306 eV at 293 K, where CN (cm
-3) = 2.8×1019 (T / 300)1/2 
is the effective density of states in the Si conduction band.  
      For current density J(V, T) and admittance Y(V, T, ω) measurements, a home-made parallel 
plate sample holder has been designed to insert a mercury drop on top of the molecular 
junction.15 This Teflon cell is inert towards mercury. A fresh mercury (99.999 % Fluka) drop 
(contact area S = 5×10-3 cm2) was used to avoid electrical shorts through pinholes in the OML. 
An ohmic back contact was made by applying a silver paste electrode on the scratched Si 
backside (inset of Fig. 4). Dc and ac transport measurements were performed in a cryostat under 
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dry nitrogen flow to avoid water condensation and to minimize surface oxidation during the 
measurements.  
      J(V) characteristics were measured in the dark, using a Keithley 6487 picoammeter. 
Admittance measurements were carried out with a frequency response analyzer (Alpha-A High 
Resolution measurement system, Novocontrol Technologies) using a two terminal active cell.. 
Experiments with VAC = 10 mV were carried out in two runs, a voltage sweep (waiting time 0.3 
second / step 25 mV) and a frequency sweep (1×10-2 Hz to 1×107 Hz), to study the measured 
complex admittance, Y(V, T, ω) = Gm + jω Cm, against voltage, V, and frequency, ω /2π.  
      The capacitance (4.5 pF) of the empty Teflon cell in parallel with the molecular junction was 
subtracted to obtain . Here, high frequency and high forward bias admittance data were not 
corrected for the series resistance  (due to bulk Si and back contact resistance).  effects were 
rather included in the modelling using the high frequency value of the real part of the impedance, 
 = Gm / (Gm2 + ω2Cm2).22 The  effect does not affect the excess capacitance  or 
flat band voltage analysis; however, it broadens  peaks and decreases the apparent 
response time.  
 
4. Data analysis   
      A first criterion of the Hg // C12H25 – n-Si junction quality is given by a cyclic C(V) scan from 
0 V to -4 V (depletion) to +0.8 V (accumulation near flat band conditions) to 0 V, performed 
immediately after grafting, which does not show detectable hysteresis at any frequency (from 102 
Hz to 106 Hz) (Figure 6a).  
4.1  Current density 
      Direct current characteristics J(V, T) of the Hg // C12H25 – n-Si junction show a strong 
rectification which increases with decreasing temperature (Fig. 4). At low forward bias (0 < V < 
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0.4 Volt), the exponential J(V) dependence, observed for all temperatures, is described by a 
thermionic emission (TE) mechanism. At high forward bias (V > +0.6 V), saturation in J(V) and 
weak temperature dependence of J(T) indicate that the current becomes limited by the tunnel 
barrier (TB) and by the contact resistance, rather than by the TE barrier inside the semiconductor. 
This behavior is typical of rectifying MIS tunnel junctions obtained previously with Hg // OML – 
n type Si.1,3,43-45 In order to relate the applied voltage and the band bending, a full modeling of the 
current density, J(V, T), characteristics has been reported elsewhere,15 including the applied 
voltage partition between the tunnel barrier, the space charge in the semiconductor and the 
voltage drop on the series resistance. Note that the tunnel barrier model (Eqn 3-5) incorporates 
the dc charge carrier transport mechanisms (tunneling, thermionic emission) which were analyzed 
previously.15   
4.2  Admittance characteristics 
      The frequency dependence of the admittance Y(ω) characteristics of the Hg // C12H25 – n-Si 
junction is shown in Figures 5-7. In Figure 5, the zero bias conductance G(ω) shows three 
frequency regimes in the range 1×10-2 Hz to 1×107 Hz. Considering G(ω) at 243 K, at low 
frequencies (typically below 1 Hz), the conductance value G(ω ≈  0) is similar to the differential 
conductance G = dJ/dV derived from the dc J(V) characteristics in Fig. 4; from reverse to forward 
bias, it increases with increasing forward bias over seven decades (10-11 to 10-4 S.cm-2 at 243 K, 
not shown). At intermediate frequencies (typically above 1 Hz for reverse applied bias), a power 
law dependence, G(ω) ≈  ω  p, is observed; it holds with an exponent p = 0.91±0.03 over nearly 
three decades in G (T = 243 K, V = 0 V). At high frequencies (typically above 1 MHz), the 
observed behaviour is dominated by the series resistance which gives a quadratic frequency 
dependence of the measured conductance  as ; such behaviour is expected from a 
R//C circuit in series with a resistor  :                    
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if   where and  
      As shown in Figure 6, the capacitance at reverse bias (V < +0.2 V) is low, CREV = 10-20 pF 
(2-4 nF.cm-2), at all frequencies, showing the formation of a depletion layer in the SC. It has been 
suggested that an inversion layer does not form because the hole tunnelling time is expected to be 
shorter than the generation-recombination time.46 In weak depletion (+0.2 V < V < +0.7 V), C(V) 
data reveal a strong frequency dependence which indicates the additional contribution of interface 
states at lower frequencies; in the equivalent circuit (inset Fig. 6a), they correspond to a parallel 
(RIT // CIT) component. The measured low frequency capacitance at high forward bias is larger 
than the geometric capacitance of the molecular insulator, = 1.8 µF.cm-2, expected from Td  = 
1.5 nm and  = 3.3 This result, , is specific of ultrathin MIS tunnel junctions with a 
low tunnel barrier resistance RT (equivalent circuit, inset Fig. 6a); this relation is predicted by 
Eqn 14 if  while the alternative condition, (corresponding to 
1×1013 eV-1.cm-2), is very unlikely for a device-quality junction.  
      In order to validate Equations 14-15 derived from the tunnel barrier model, Figure 7 shows 
the "excess capacitance" defined as ( - ) = C(100 Hz) - C(1 MHz). The low frequency 
response has been arbitrarily taken at 100 Hz but a lower frequency could be chosen; on this 
junction, the 10 Hz capacitance is basically similar to the 100 Hz data at 293 K; however it shows 
a poorer signal / noise ratio (not shown). Note that this C(100 Hz) vs J behaviour is weakly 
dependent on the measurement temperature T in the range 253-293 K, except for the low currents 
dominated by the thermionic emission mechanism (Figure 4).  
(i) For reverse and small forward bias (V < +0.25 V, J < 7×10-6 A.cm-2) corresponding to a Fermi 
level position below mid-gap, C(100 Hz) is very similar to the high frequency capacitance C(1 
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MHz) (dashed line, , in Figure 7), because interface states below mid-gap are unable to 
respond to the ac voltage. Subtraction of the high frequency capacitance C(1 MHz) from C(100 
Hz) leaves a very small low frequency contribution (0.4 nF.cm-2) independent of J and T (for J < 
2×10-7 A.cm-2) ; in the depletion regime, this low frequency response adds to the semiconductor 
capacitance and thus explains the frequency shift in Mott-Schottky plots observed in Fig. 6b.  
(ii) For larger forward bias (+0.25 V < V < +0.50 V, J < 10-3 A.cm-2) corresponding to a Fermi 
level position above mid-gap, a monotonic increase of the interface states response is essentially 
measured at ω 100 Hz ; in this regime, the capacitance of the depletion layer C(1 MHz) 
increases and remains smaller than C(100 Hz).    
(iii) An abrupt transition occurs at V = +0.50 V (J = 10-3 A.cm-2) with a steep increase in the 
slope; this inflexion point (blue arrow in Figure 7) marks the onset of the "high current density 
regime", where  becomes dominated by the product . 
At the transition, provides the magnitude of the microscopic response time of 
interface defects,  10 µs.  
(iv) Above this transition, in the very high current density regime (J > 10-3 A.cm-2) obtained for 
large forward bias (+0.5 V < V < +0.80 V), the dependence of the low frequency capacitance 
C(ω≈ 0) vs J is superlinear, because both J and  increase simultaneously. Interestingly, a 
linear dependence of C(100 Hz) as a function of the current density is recovered in the very high 
current density regime, typically above J = 15 mA.cm-2, close to the flat band voltage, VFB = 0.68 
V (Fig. 6b). The inset in Figure 7 (293 K) shows a linear dependence of C(ω≈ 0) vs J as 
expected from Eqn 15 if  is weakly dependent on the applied forward bias; this condition can 
be met if the Fermi level is pinned in a high density of interface states located near the Si 
conduction band. This hypothesis is reasonable if one considers the magnitude of SD ≈  4×10
12 
eV-1.cm-2 derived from the experimental slope  and the microscopic response time 
of interface defects,  10 µs.  
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4.3  Density of states distribution 
      To obtain a reliable distribution of the interface defect density, , close to the conduction 
band, we investigate the forward bias range where the admittance of the thin MIS diode is 
modified by a high current density. In the following,  is derived using three complementary 
methods: (i) the low-high frequency capacitance (or excess capacitance) method, strictly valid for 
thick MIS diodes,22 (ii) the (or response time) method; (iii) the  (or electrical modulus 
amplitude) method. 
      In the low-high frequency capacitance method, assuming = 0, the ac response of interface 
traps due to the modulation of their average occupation is described by a parallel capacitance – 
resistance circuit in parallel with the space charge layer capacitance (inset of Fig. 6a). As shown 
in Fig. 6a, interface states do not respond at high frequencies, where the measured capacitance is 
essentially due to the SC; hence  can be obtained by subtracting the high frequency 
capacitance, ; this approximation holds because  is very large. 
      For the latter two methods, at each bias voltage, we use the measured electrical modulus (Fig. 
8a) and the modulus calculated using the tunnel barrier model. The insulator capacitance is taken 
as = 1.8 µF.cm-2. An assumption has to be made on  and  values (Eqn. 7); using previous 
simulations,35  was taken at the bias giving an ideality factor equal to 1.15 (here = -3 kT) 
and the microscopic response time of interface defects,  10 µs, was obtained at the transition 
(blue arrow in Figure 7).  
      In the method (response time method reported previously15), admittance simulations use 
experimental  data (Fig. 4) and high frequency capacitance (1 MHz).  values are obtained 
by matching the calculated device response time values with experimental values of 
the device response time (open dots in Fig. 8b) given by the frequency corresponding to the 
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maximum in the imaginary part of the modulus (M”) in Fig. 8a. In the electrical modulus 
amplitude method, we use the fact that  decreases with increasing  (Fig. 3b). Note that 
the current density was assumed to remain constant (J = 1×10-7 A.cm-2) in this set of simulations. 
The corresponding values have been reported in Fig. 8c (blue dots). 
      The role of a high J through the MIS tunnel diode can be assessed by comparing the energy 
distributions of interface defects resulting from the different methods. The results shown in Fig. 
8c globally confirm the low  values ( < 10
11 eV-1.cm-2) near mid-gap for the C12H25 – n Si 
interface. They indicate that the exponential increase in  near the conduction band 
derived from the low-high frequency capacitance method is overestimated due to the large dc 
current density; however, the low-high frequency capacitance method appears to be reliable up to 
1 mA.cm-2 (here V  ≤ 0.45 V). In contrast, the  method (within the low J  approximation) 
underestimates  as compared with the response time method. 
5. Discussion 
      Before discussing the effect of the high current density, let us recall that several mechanisms 
may also affect the dynamic response of the MIS tunnel device, namely lateral inhomogeneity 
and dipolar relaxation effects.42 
       The power law dependence of the measured conductance, , is very different from the 
high frequency plateau expected for a MIS tunnel device with homogeneous barrier height. 
Similarly, some unexpected plateau appears over a broad frequency range in  plots (Fig. 
8a, reverse bias). As discussed in Section 2.4, this indicates that the junction has a distribution of 
low barrier height patches or thinner tunnel barriers. This conclusion is consistent with low 
temperature dc current characteristics of molecular tunnel junctions.42 Note that the excess 
capacitance will be less affected than the excess conductance since the space charge layer 
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thickness is weakly dependent on the interface potential fluctuations. Hence, we expect that the 
homogeneous model still applies to experimental excess capacitance results.  
      For reverse and small forward bias (V < +0.25 V, J < 7×10-6 A.cm-2) corresponding to a 
Fermi level position below midgap, interface states are unable to respond to the ac voltage. The 
observed very small low frequency capacitance being independent on temperature (in the 
investigated range 243-293 K), it is rather attributed to some dipolar relaxation in the molecular 
monolayer, likely due to interface Si-C bond dipoles, in the absence of any detectable silicon 
oxide SiOx component in XPS spectra (Si2p core level, α = 45°, not shown). This low frequency 
contribution (0.5 nF.cm-2), attributed to Si-C interface dipoles of the fresh Hg // C12H25 – Si 
device, is much smaller than the dipolar capacitance values (30-40 nF.cm-2) reported in a recent 
admittance study of alkyl (C18 – n+ Si) molecular assemblies.14   
      In MIS tunnel junctions with molecular insulator, low dipolar contribution is an important 
condition to detect a small surface states response, since the latter may be masked by any dipolar 
relaxation of interface or embedded polar moieties. As an illustration, in a study of long term 
stability of molecular devices (ageing at the ambient for eighteen months), a significant increase 
has been observed in the dipolar relaxation capacitance (x 50) and in the interface states response 
(x 7) of the Hg // C12H25 – Si junction; besides the appearance of an interface silicon oxide layer 
revealed by XPS, some presence of adsorbed water vapour cannot be excluded.42  This effect 
could be possibly delayed or suppressed by engineering a very compact molecular layer.47  
      To understand the admittance response of interface states, we have proposed a representation 
of the excess capacitance, ( - ), as a function of the dc current density, , which clearly 
reveals the different regimes predicted by modelling the non equilibrium tunnel MIS junction in 
the forward bias range. Interestingly, the admittance behavior can be mapped onto the dc 
transport mechanisms15: (i) in the low current density regime, the response of interface states 
above midgap is unaffected, corresponding to a current density limited by thermionic emission 
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over the barrier in silicon; (ii) in the high current density regime (  > 1 mA.cm-2), the admittance 
depends strongly on both the density of localized states and the dc current density, corresponding 
to a current density limited by tunneling through the molecular barrier.  
      At low current density values, a good agreement is found between the interface states 
distributions  derived from modeling of the device response frequency  and modulus 
amplitude  values, as compared with the low–high frequency capacitance method valid for 
thick MIS devices. Hence, for the C12H25 – n Si interface, the latter method appears to be reliable 
up to 1 mA.cm-2. Future work is required to understand the discrepancies between  and  
methods, which appear at intermediate current densities (Figure 8c).   
      The microscopic tunnel response time (τ = 10 µs for the C12H25 – n Si interface) has been 
derived from the inflexion point in the excess capacitance, which marks the onset of the high 
current density regime (Eqn 15). This derivation requires an accurate estimate of the insulator 
capacitance per unit area; however, in ultra thin MIS diodes, cannot be obtained from the 
measured capacitance saturation at high forward bias, in contrast with thick MIS.  
      In Figure 7, some increase in the C(ω≈ 0) values at high current density has been observed 
after the first voltage scan (up to 0.8 V) at 293 K. Subsequent scans at lower temperatures (273 K 
and 253 K) show reproducible C(ω≈ 0) vs  plots. Hence, more work is needed to understand the 
detailed shape of the C(ω≈ 0) - C(ω ≈ 1 MHz) vs  plots at very high current densities, e.g. by 
performing ageing studies at the ambient or under high bias-stress conditions. In particular, it will 
be interesting to check if the linear part of the C(ω≈ 0) vs  plot is observed in all molecular MIS 
diodes or if it is rather an accidental effect. 
 
6. Conclusion 
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      Modifications of the measured admittance induced by a high current density in ultrathin MIS 
devices have been investigated in order to obtain reliable values of the density distribution, 
)(EDS , of defects localized at the semiconductor interface. The behavior of admittance and 
current density characteristics has been illustrated using Hg // C12H25 – Si junctions incorporating 
1-2 nm thick alkyl molecular layers covalently bonded to Si(111); using n-type silicon, the 
rectifying characteristics provide a very wide range of current densities.  
      Modeling the forward bias admittance of non equilibrium tunnel junctions reveals several 
regimes which can be observed either in C(ω ≈ 0) vs (J) plots of the low frequency capacitance 
over six decades in current or in  plots of the electrical modulus over eight decades in 
frequency. At low current density, the response of interface states above mid-gap is unaffected 
and a good agreement is found between the interface states densities derived from the modeling 
of either device response time )(R Vτ  and magnitude of the electrical modulus , as 
compared with the low–high frequency capacitance method valid for thick MIS devices; the low 
value of near mid-gap (  < 1×1011 eV-1.cm-2) indicates good passivation of dangling 
bonds at the C12H25 – n Si interface.  
      In the high current density regime (  > 1 mA.cm-2), the admittance depends strongly on both 
the density of localized states and the dc current density, so that the excess capacitance method 
overestimates . For very high current densities (J > 10 mA.cm-2), the linear C(ω ≈ 0) vs (J) 
dependence could indicate some Fermi level pinning in a high interface density of states near the 
Si conduction band.   
      The C(ω≈ 0) vs (J) representation of dynamic characteristics of molecular layers covalently 
immobilized on Si(111) is also interesting to discriminate dipolar relaxation effects from interface 
states response. The temperature-independent excess capacitance C(ω ≈ 0) - C(1 MHz) observed 
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at very small current density, not predicted by the admittance model, is attributed to some dipolar 
relaxation in the molecular junction. Dipolar relaxation effects may obscure the interface states 
response for molecular insulator with strong interface or embedded dipolar moieties. 
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FIGURE CAPTIONS 
 
Figure 1  Energy band diagram and carrier exchange mechanisms at the tunnel MIS interface36 
(reprinted with permission from IOP). 
 
Figure 2  Simulation of capacitance C(ω), conductance G(ω) and imaginary electrical modulus 
M”(ω) of the MIS tunnel junction using measured J(V) (Fig. 4, 293 K) and capacitance at 1 
MHz. Continuous lines: at +0.2 V forward bias for variable density of interface states, DS, in the 
range 1010 – 3×1012 eV-1.cm-2. Symbols: at fixed DS = 3x1012 eV-1.cm-2 for variable forward bias. 
 
Figure 3  a) Simulation of M”(ω) peaks (using J = 1×10-7 A.cm-2, = 1.8 µF.cm-2, = 3.6 
nF.cm-2); b) dependence of characteristic frequencies,  and , and magnitude of the 
modulus peak values,  and , as a function of .  
 
Figure 4  Temperature dependence of current density J(V) characteristics of a Hg // C12H25 – n-Si 
junction in the range 243-293 K (step 10 K). Inset: schematic of the MIS structure (note that the 
molecular layer thickness is not scaled) inserted within the Teflon cell.       
 
Figure 5  Frequency dependence of the measured conductance of a Hg // C12H25 – n-Si junction 
at zero bias and variable temperature T (243 K to 293 K) ; in the intermediate frequency range, a 
power-law behaviour is observed (p = 0.91 at 253 K) with a trend towards saturation above 105 
Hz sketched by the dotted line. The series resistance,  can be obtained from the high frequency 
regime where G(ω) is proportional to ω 2.     
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Figure 6  Frequency dependence of the measured capacitance of a Hg // C12H25 – n-Si junction at 
T = 253 K : a) )(m VC  from 100 Hz to 1 MHz showing the absence of hysteresis, b) Mott-
Schottky plot ( )vs2m VC −  giving the flat band voltage; the shift in the reverse bias range is 
attributed to a small dipolar relaxation component. 
 
Figure 7  Excess capacitance ( - ) as a function of the dc current density in a Hg // C12H25 
– n-Si junction at T = 293 K (red crosses), 273 K (blue dots) and 253 K (green triangles). The 
voltage scale and the inset correspond to 293 K data. The inflection point (vertical arrow) 
corresponds to the transition between the low (TE limited) and the high (tunnel limited) current 
density regimes. The horizontal baseline (2 pF or 0.4 nF.cm-2) is attributed to a small dipolar 
relaxation component.     
 
Figure 8 : a) Experimental M”(ω) of a Hg // C12H25 – n-Si junction measured at 293 K for 
increasing bias applied on Hg (-0.8 V, -0.5 V, -0.2 V, -0.05 V, 0 V, +0.05 V, +0.1 V, +0.2 V, 
+0.3 V, +0.4 V, +0.5 V, +0.6 V, +0.7 V, +0.8 V); b) experimental response time (circles) 
compared with simulated values (lines) using variable density of interface states SD  from 1×10
10 
to 3×1012 eV-1.cm-2 (measured J(V) were used as input in the simulation) ; c) energy dependence 
of the density of interface states )( TCS EED −  derived from experimental data using the low-high 
frequency capacitance method (black triangles), the  method (open squares), and the  
method (full circles) as described in Section 4.3. The Fermi level is at mid gap for a forward 
applied bias of +0.25 V.      
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